Introduction
Nanolaminated carbides comprise thermodynamically stable or metastable crystalline phases, in which transition metal carbide layers are periodically interleaved by layers of another element or another carbide layer. Some common chemical formulae of these carbides have been reported, such as M n+1 AC n (so called MAX phases), (MC) n (Al 3 C 2 ), and (MC) n (Al 4 C 3 ), where generally M is a group 3 -7 transition metal, A is mainly a group 13 -14 element, and n is 1 -4. [1] [2] [3] The inherently nanolaminated carbides are electrically and thermally conductive. They are in general mechanically softer, more resistant to thermal shock, and more damage tolerant compared to the binary carbide counterparts due to the unique layered structure.
At elevated temperature, the A element of the nanolaminated carbides can out-diffuse and chemically react with surrounding materials, forming intermetallic phases or oxides. For example, Ti 3 SiC 2 has been reported to react with Cu, 4, 5 Al, 6, 7 and molten cryolite, 8 resulting in Sicontaining intermetallic phases and C-deficient TiC x . Such carbide reactions can drastically alter the mechanical and electrical properties, which is consequently an issue with respect to high temperature applications.
Most recently, we have reported on synthesis of new nanolaminated carbides, Ti 3 AuC 2 and
Ti 3 Au 2 C 2 , by thermally-induced substitution reaction in Au-capped Ti 3 SiC 2 thin films, where the Au-containing nanolaminated phases, Ti n+1 Au 2 C n (n = 1 -2), can also be synthesized from Ti n+1 AlC n (n = 1 -2) phases by this reaction. 10 Other previous studies have also shown partial substitution of coinage metals, Cu and Ag, for M and A elements when in contact with MAX phases at elevated temperature. 11, 12 In the reaction with Cu, a preferential substitution on the A sites up to 50 at.% was reported.
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So far, all studies regarding nanolaminated phases from noble metal substitution were based on few Ti-based phases, with Si and Al as the A element. The Au capping layer is about 200 nm in thickness. The Au target was placed 20 cm above the samples and tilted ~20° away from the substrate normal. Right before the sample transfer to the load-lock of the system, the samples were dipped in buffered HF (NH 3 F (25 g) + H 2 O (50 ml) + HF (10 ml)) for 5 s to remove residual oxides, then thoroughly rinsed with distilled water, and blow-dried in N 2 . Prior to the deposition, the system was filled with ~0.24 Pa of Ar sputtering gas.
No substrate heating or rotation was applied during the deposition.
The Au-capped samples were thereafter annealed in a horizontal quartz tube, placed in a cylindrical furnace, with a constant nitrogen gas flowing through the tube to avoid oxidation. The temperature was ramped at a rate of ~17.6 °C/min. up to 400 °C, where the Au-capped Mo 2 GaC and Mo 2 Ga 2 C samples were annealed for 24 h and 6 h, respectively. For convenience, the Aucapped samples after annealing are hereafter referred to as "annealed samples" in the following text.
Phase composition was analyzed by X-ray diffraction (XRD) patterns acquired by a Philips PW 1820 diffractometer, using Cu K α radiation. Structural and chemical analysis was carried out by high-resolution STEM high angle annular dark field (HRSTEM-HAADF) imaging and STEM-EDX within the Linköping double C s corrected FEI Titan 3 60-300 microscope operated at 300 kV.
HRSTEM-HAADF imaging was carried out using 21.5 mrad probe convergence angle and 0.1 nA beam current. STEM-EDX was acquired using the embedded high sensitivity Super-X EDX detector.
Cross-section samples for STEM investigation were prepared using the traditional "sandwich"
and focused ion beam (FIB) approach. The traditional approach includes sample cutting, mounting into a Ti grid, gluing and mechanical polishing from both sides down to ~70 µm thickness. Electron transparency of the samples was achieved by Ar + ion milling at 5 keV and 5̊
angle from both sides in the Gatan precision ion polishing system (PIPS). The milling current was reduced to 2 keV at final stages of milling in order to minimize the surface damage. FIB technique employed was on a Carl Zeiss Cross-Beam 1540 EsB system, while the procedure was described elsewhere. In the Mo 2 AuC crystal ( Fig. 2(b) ), on the other hand, the Mo atoms have relatively low Z, and therefore intensity, compared to the Au monolayer in the structure. Both Mo 2 GaC and Mo 2 AuC have the M 2 AX crystal structure typical of the MAX phases. Fig. 4(a) , the Mo 2 Ga 2 C phase is structurally distinguished from its double Ga layers, stacking directly on top of each other, between the Mo 2 C layers, as compared to the Ga monolayers in the Mo 2 GaC phase in Fig 2(a) .
Results and Discussion
However, the A layers in Mo 2 (Au 1-x Ga x ) 2 C (Fig 4(b) , left image) are in a close-packed stacking as opposed to the simple hexagonal stacking in the double A layers of Mo 2 Ga 2 C (Fig. 4(a) ) when observed from the same zone axis, ሾ112 ത 0ሿ. This finding is in good agreement with previously reported close-packed double Au layers in Ti 3 Au 2 C 2 . The proposed mechanism is based on the fact that the relatively mobile A element in nanolaminated carbides, compared to the M element, can be attracted to out-diffuse from the structure in presence of another high affinity element/compound. In our case, a high chemical affinity between Ga and Au is supported by experimental observations on room-temperature interdiffusion at Au/Ga interfaces, 25, 26 on Au gettering by elemental Ga in semiconductors, 27 and on fast dissolution of Ga from GaAs into Au contact without melting. 28, 29 On the whole, the reaction of Ga layers in the nanolaminated carbides is likely initiated by attracting Ga atoms into 13 the Au capping layer. This is also supported by Au-Ga binary phase diagram, where a Ga solubility of ~12 at.% in face-center cubic Au may be the driving force for such attraction. 24 In fact for step (1) The mechanism for step (1) is consistent with observation in Ref. 9 and 10, showing the reaction of Au for the Si layers in Ti 3 SiC 2 and for the Al layers in Ti n+1 AlC n (n = 1 and 2), respectively.
Diffusion between Au/Si and Au/Al interfaces are both classic cases for studying metallization of semiconductors. Similar to the case of Au/Ga, Au/Si interface can interdiffuse on a scale of tens of nanometers when heating up to ~100 °C in air, 35 a temperature much lower than the eutectic temperature of Au-Si system (~363 °C). 36 While for Au/Al interface, the interdiffusion takes 
